Introduction
Finite element method (FEM) is a widely used for prediction and analysis of materials and structures for ballistic protection. It facilitates a deep and comprehensive understanding of the material responses, and would lead to the improvement of the materials. However, developing a reliable FE model demands several inevitable steps, one of them being to define properties to the material with accuracy [1] .
Ultra-high molecular-weight polyethylene (UHMWPE) yarn (e.g. Dyneema ® and Spectra ® ) is one of the most widely man-made yarns for ballistic protection due to its lightweight and super mechanical properties against high strain rate impact. Finite element (FE) simulation and analysis are used to study the response to the impact in parallel to the experimental-based research methods. However, the elastic constants of a yarn in a woven fabric, as shown in Figure 1 , were difficult to obtain except the Young's modulus and were basically assigned based on assumptions and approximations in the FE modelling, which caused some inaccuracies. The elastic constants associated to a yarn includes the longitudinal Young's modulus E 11 , transverse moduli E 22 and E 33 , shear moduli G 12 , G 13 and G 23 , and Poisson's ratios ν 12 , ν 13 and ν 23 . Young's modulus of yarns in the longitudinal direction was basically obtained experimentally [2] , and the modulus value is dependent on the strain rate. For high strain rate tensile tests, Huang et al. [3] measured 80GPa of the Young's modulus of UHMWPE fibre bundles at a high strain rate of 700/s while Koh et al. [4] did the same test for the same type of yarn at strain rate of 10 2 /s, measuring approximately 120GPa of its Young's modulus. However, Russell et al. [5] considered the Young's modulus of the UHMWPE yarns to be slightly higher than 120GPa according to their tensile tests at strain rates from 10 -1 /s to 10 3 /s. For FE modelling of high speed impact, Grujicic et al. [6] specified 118GPa to the Young's modulus of UHMWPE yarn for simulating the ballistic performance of its composites model at impact velocities from 600m/s to 900m/s. Min et al. [7] defined 112GPa to the Young's modulus of Dyneema ® yarn and Zhou et al. [8] assigned it to be 130GPa. The impact speed in the two studies was at around 500m/s. Chocron et al. [9] assigned 95GPa to the Young's modulus of Dyneema ® yarn to simulate Dyneema ® woven fabric model at impact speed of 477m/s.
Whilst value of the Young's modulus came from measurement, the other elastic constants were difficult to obtain and were usually defined on the basis of approximations and assumptions. Min et al. [7] assumed that Dyneema ® yarn was isotropic, following the study of Wang et al. [10] who worked on Kevlar ® fabric. Zhou et al. [8] treated the Dyneema ® yarn model as a transversely isotropic material. The transverse moduli (E 22 and E 33 ) of Dyneema ® yarn in this study [8] were both assigned to be 1.21GPa, according to the experimental results of Dyneema ® fibre obtained by Kawabata [11] , and the shear moduli (G 12 and G 13 ) were set to be 3.28GPa that was proposed by Grujicic [12] for Kevlar ® yarns. In addition, Grujicic et al. [6] assumed that all of the Dyneema ® yarn's transverse moduli (E 22 and E 33 ) and shear moduli (G 12 , G 13 and G 23 ) were identical to 6.00GPa, which was approximately 1/20 of its longitudinal modulus. The assumption made by Chocron et al. [9] for the Dyneema ® yarn's transverse moduli (E 22 and E 33 ) was that it was an order of magnitude smaller than its longitudinal modulus, and that for the shear moduli (G 12 , G 13 and G 23 ) were two orders smaller than the longitudinal modulus. In these four studies above [7] [8] [9] [12], the impact velocities were in the range from 400m/s to 600m/s.
The casual assignment of the elastic constant values for FE simulation caused concerns from many researchers, whether the UHMWPE fibre or aramid fibre were used for the fabrics. Nilakantan [13] studied the effect of transverse modulus and shear modulus of Kevlar KM2 ® fibre on the ballistic behaviours of the filament-level yarn models, and demonstrated that both moduli had significant influence on the ballistic performance of the yarn model. Sockalingam et al. [14] simulated the ballistic events with shear modulus being 1.8GPa and 24.4GPa, where Kevlar ® KM2 yarn was subject to transverse impact. The results indicated that fibre failure was very sensitive to shear modulus. Ha-Minh et al. [15] studied the effect of transverse modulus, shear modulus and Poisson's ratio of a two-dimensional Kevlar KM2 ® yarn model on the ballistic performance of the yarn and fabric model. They concluded that shear modulus played a significant role on the ballistic behaviours of Kevlar KM2 ® yarn and fabric models. However, in these studies [13] [14] [15] , they only investigated on the influence on the alteration of simple factor, which were not sufficient to show the influence of each constant in the whole elastic system. Komeil et al. [16, 17] , Akmar et al. [18] , and Erol et al. [19] recently applied the design-of-experiments approach to identify the influence of multiply mesoscale material properties in woven fabric models, and obtained the significance of each property.
This paper aims to reveal the sensitivity of the elastic constants on the ballistic response using the orthogonal experimental method. Optimisations are to be carried out to identify the values of the most sensitive elastic constants, to be used for simulating the ballistic performance of Dyneema ® fabrics. The experimental results, viz. energy absorption, failure time of the first yarn broken, and the number of failed yarns, will be used as criteria to evaluate the ballistic performance of the model. This study is set to provide a feasible procedure of identifying the values of the elastic constants in FE modelling at transverse impact, giving rise to the development of more accurate numerical models.
Ballistic experiments and FE model set-up
In order to identify one or more criteria for evaluating the results of ballistic behaviors of Dyneema ® woven fabric model in the orthogonal experiments, ballistic experiments were carried out for a single Dyneema ® woven fabric. Repeatable results would be taken as the criteria for the orthogonal experiments.
The fabric specimen and experimental set-up
The fabric specimen used in the present study is plain woven fabric with 175tex Dyneema ® yarn. Its warp and weft densities are both 7 threads per centimeter. The areal density of the fabric is 252g/m 2 . The thickness of the fabric is around 0.58mm, and the fabric specimens were cut into squares of 240×240mm.
The ballistic range used in this study consists of a shooting device, velocity detectors, fabric target panel, panel clamp, light sources and a high-velocity video camera, as described a previous paper [20] . By using this clamp, fabric specimens were clamped at 4 edges. The ballistic performance of specimens was evaluated using the energy loss of the projectile after penetrating the panel, which is calculated from the impact velocity (V i ) and the residual velocity (V r ) of the projectile below:
where m is the projectile mass. The projectile mass in this experiment is 1g and the length and diameter of the cylindrical projectile are both 5.5mm. Seven Dyneema ® fabric specimens were prepared, each of which was tested once, and their mean value was taken. Owing to the tight clamp system, the yarn slippage was very small. The length of the yarn slippage at the edges was measured less than 1.0% of the whole length of the fabric specimen. The impact velocity of firing projectile is in the vicinity of 485m/s, and the high-velocity camera was used to record the ballistic event. The frame frequency was selected to be 180 KHz, which means the interval between two adjacent frames is 5.56µs.
Experimental results
From the experiments on the single layer of Dyneema ® fabrics, the average value of energy absorption is 13.16J with a standard error of 0.44. The successive photographs taken from the back of the target panel during the ballistic event is demonstrated in Figure 2 . In image (f), one vertical primary yarn (as pointed at) was stretched to straight whilst in image (h) it became curled, indicating the yarn was broken. Hence, it was reasonable to believe that the first yarn failure took place between 27.78µs and 38.89µs. In the repeated tests, the first yarns failure occurred during the same period. (e) t=22.22µs (f) t=27.78µs (g) t=33.33µs (h) t=38.89µs
(i) t=44.44µs (j) t=50µs (k) t=55.56µs (l) t=61.11µs Figure 2 . Photographs of the single-layer Dyneema ® fabric being penetrated by the projectile
Another performance index which can be obtained from the experiments is the number of failed yarns during the ballistic event. It is shown in Figure 3 that only two primary yarns completely failed after the fabric penetration. As a matter of factor, the number of failed yarns was shown to be either one or two in all the tests. The collective results on energy absorption, failure time of the first yarn broken, and number of failed yarns from the 7 ballistic tests are listed in Table 1 . 
Development of a FE model for the plain woven fabric
The plain woven fabric models for ballistic impact simulation were invariably created using the meso-scale yarn-level 3D orthotropic continuum model in a number of studies [21] [22] [23] [24] [25] [26] .
The individual yarns composed of solid elements were assembled to a woven fabric model for FE simulation. Nilakantan et al. [26] used this model to study the ballistic impact modelling of woven Kevlar ® KM2 fabrics and obtained a significant validation in comparison with the experimental results. Talebi et al. [27] studied the projectile nose angle effects on ballistic perforation of Twaron ® fabric model using the yarn-level 3D orthotropic continuum model. A healthy agreement between FE simulation and experimental results was showed in this study. This model also was used by Wang et al. [10] who obtained a satisfactory validation in terms of the different impact and residual velocity of the projectile. Moreover, in these studies, the geometric model of the yarn and the fabric were developed based on the real ones, and so were the boundary conditions of the fabric and shapes of the rigid projectile models. Eight-node solid elements were used in these studies.
The FE model in this study was created on the basis of the same principle as the above models using ABAQUS ® Explicit. The geometric model of the woven fabric was developed by combining the warp and weft yarn models. According to measurements, the crosssectional shape of the yarn was assumed to be of the lenticular shape [28] , consisting of two arcs facing opposite directions. The cross-sectional shape and area remained constant along the length of yarns for simplicity. Based on the measurement of the real fabric made of the Dyneema ® yarn of 175tex with thread density of 7 threads/cm, the width and height of the warp and weft yarns were assumed identical to 1.20mm and 0.29mm for the dimension of the warp and weft yarns were measured very closely in reality as shown in Figure 4 (a). Such assumptions appear to be reasonable for they were widely used in FE modelling of plain woven fabrics, with continuous filament yarns, subject to transverse impact, and the modelled results agreed well with the experimental results [29] [30] [31] [32] .
A circular woven fabric panel with diameter 240mm was constructed from 44 yarns with different lengths, and the simulation outcome was found no substantial differences (<3%) from using the 240×240mm square fabric model in terms of energy absorption and the failure time of the yarns. The thickness of the fabric model was 0.58mm, which is the same as the real fabric. The yarn cross-section was meshed using 10 first-order C3D8R solid elements and a full wave length of yarn contained 130 such elements. This type of element can provide good results at expense of the least computational effort [33, 34] . Default hourglass, distortion and element deletion were selected to prevent excessive distortion of elements and model instability [34, 35] . To obtain accurate results without consuming unnecessary resources, a mesh convergence study for mesh size along the yarn was also carried out. Convergence is obtained based on energy absorption and yarn failure time when a straight yarn model is under ballistic impact. The model with 10-mesh yarn cross-section used in this study demonstrated only less than 5% difference in energy absorption and yarn failure time than that with 18-mesh yarn cross-section, but a far more difference compared to coarser yarn meshing schemes -the difference in energy absorption was 92.3% and that for yarn failure time is 104% when compared to 6-mesh yarn cross section meshing scheme. Based on this analysis, the 10-mesh yarn cross-section scheme is considered to be adequate to ensure that mesh convergence is complete [36, 37] . The practical projectile was made from steel and it is in a cylindrical shape, and its model was developed as a rigid cylinder whose length and diameter were both 5.5mm. The projectile velocity in the FE simulation was chosen to be 500m/s following the practical test. The total time allowed for the impact process was set to be 55µs so as to catch all the information from the impact event. Assuming that the projectile lands in the middle of fabric model, the projectile would contact 6 yarns (3 warp and 3 weft), and this is shown in Figure 4 (b). The red circles present the outline of the chamfered cylindrical projectile. 
Orthogonal experiments

Orthogonal array experimental designs
Introduce of the orthogonal array experimental designs
In the design of experiment, for various factors with different levels, the full factorial combinations are easily determined by calculating (number of levels) number of factors
. However, such a massive number of experiments are extremely difficult and time-consuming to be carried out. In order to identify the major effects in the experiments using only a fraction of possible combinations, orthogonal experiment was developed by based on the probability theory and mathematical statistics [38] .
In designing an orthogonal array, several factors and their levels are first selected on the basis of the experience. A blank factor, sometimes, is created to obtain the influence of potential factors including factors excluded from the experiment, uncontrollable factors and possible experimental error [39, 40] . The levels of the blank factor, unlike the levels of other factors, can be defined to numbers or letters which have no substantial significance but are notations used to distinguish different levels of the potential factors for identifying the weight of potential factors, which indicates the health of the experimental design [40, 41] . After factors and levels are determined, an orthogonal array can be determined based on the work of Taguchi on a special set of orthogonal arrays for designing experiments with different numbers of factors and of levels [38] . According to the designed combinations, the experiments can be carried out. The results are analysed using a serial of mathematical calculations to obtain the weight of each factors and to optimise the experiments. Details will be provided in late sections.
Level selection for the factors
In creating the FE model, the plastic strength along the longitudinal direction was specified to 3.90GPa and its failure strain was to be 0.05 [42] . The transverse compression strengths were assigned to be 0.877GPa [43] , and the shear strengths were assigned to be 0.58GPa [44] . Friction between the yarns and that between the projectile and the Dyneema ® yarns were modelled by the hard contact-penalty algorithm provided in ABAQUS ® . The friction coefficient was set to 0.05 [45] and applied for all contact situations for simplicity. For the Dyneema ® yarn, the yarn-to-impactor frictional coefficient was commonly seen to be set from 0.01 to 0.17 [30] [46] [47] while the yarn-to-yarn friction coefficient was assigned to a value between 0.05 and 0.12 [30] [45] [47] . Moreover, according to studies from Chu [48] , when the yarn-to-impactor and yarn-to-yarn frictional coefficients were lower than 0.2 their influence on the energy absorption of the Dyneema ® woven fabric at the ballistic impact were not significant. Accordingly, the yarn-to-impactor and yarn-to-yarn frictional coefficients were assumed to be the same for this study and were not considered as one of the parameters.
Based on the real situation of untwisted multi-filament Dyneema yarns, E 22 and G 12 was assumed as the same to E 33 and G 13 respectively, and Poisson ratios ν 12 , ν 13 and ν 23 were taken to be identical according to literature [6, 8, 9, 12, 15] . Hence, only five yarn elastic properties, namely E 11 , E 33 , ν, G 13 and G 23 , needed to be considered for elastic constants. According to the aforementioned studies for properties of UHMWPE yarns in longitudinal direction under high strain rate tests, the E 11 was in the range from 80GPa to 130GPa. Cuniff [2] reported that the longitudinal stress dissipation speed of a yarn was dependent on the E 11 and the volumetric density, which influenced the ballistic behaviour of the yarn or the yarnmade fabric. Chu et al. [49] numerically studied the influence of these two properties on the ballistic impact behaviour, and indicated that the influence of E 11 was significant when it changed from 84GPa to 126GPa whereas the thread density of the fabric had little influence on the ballistic performance of the fabric. In the orthogonal experiment, E 11 was considered as one factor with five levels, viz. 80GPa, 90GPa, 100GPa, 110GPa and 120GPa, to identify the weight of E 11 in this range among five elastic constants. For other four elastic constants, previous studies indicated that they also had significantly influence on the tensile and transverse behaviour of the fabric [13-15, 19, 37] . Therefore, E 33 , ν, G 13 and G 23 were taken as the other four factors. For the isotropic model, the values of E 33 , G 13 and G 23 were determined by the value of E 11 and ν and they cannot be considered independently. Hence, the values of E 33 , G 13 and G 23 used in isotropic model were not considered in this study as the levels for the factors. The selection of the levels of these four factors was based on the previous studies for UHMWPE yarn or similar material yarns and the levels chosen in present study covered all the levels of each factor of UHMWPE yarn in the previous studies in Table  2 . The levels of Poisson ratio ν was chosen from 0 to 0.4 with an even interval of 0.1. The values of E 33 , G 13 and G 23 were picked from 0.37GPa to 6GPa, with the interval between sequent levels twice smaller than the former level to cover wider range with fewer levels. Table 2 shows five factors of elastic constants for the UHMWPE yarn, each with five levels.
In addition, an extra factor called blank was created to record the influence of other potential factors. This factor also has five levels in parallel to the other factors. In this particular study unlike the practical experiments, the simulation conditions can be fixed in each trial, thereby leading to thorough repeatability of each trial [50] . Moreover, except for these five factors, other influential factors were fixed with solid evidence. Thus, the blank column was deduced to represent the interaction between these factors. 6.00 [6] 0.00 [9] 6.00 [6] 6.00 [6] 2 110.00 [7] 3.00 [30] 0.10 3.00 [8] 3.00 3 100.00 1.50 [11] 0.20 [8] 1.50 1.50 4 90.00 [4] 0.75 [51] 0.30 [6] 0.75 [9] [ 52] 0.75 [52] 5 80.00 [3] 0.37 [53] 0.40 0.37 0.37
Design of orthogonal array
For the factors and levels in this study, an orthogonal table L 25 (5 6 ) in Table 3 was created based on [38] [41] . The notation L is for Latin squares while the subscript refers to the number of rows in the table and indicates the number of combinations. In this table, six factors were represented by A, B, C, D, E and X. Twenty-five trials were carried out according to the L 25 matrix to complete the optimization process. Each row of the table represents a run and is a specific group of levels to be simulated. The run order was random to avoid subjective bias [40] . It took approximately 6 hours for each trial by using a computer with Core i5-3470 3.2GHz CPU and 24GB RAM. In order to evaluate each group of combination, energy absorption, failure time of the first yarn broken and the number of failed yarns were obtained in the FE simulation. These three performance indices were chosen for they are easy to obtain through experiments and simulation, and they reflect the nature of ballistic failure of the fabrics. After obtaining these results from the orthogonal experimental trials, data analysis was carried out using the range analysis and analysis of variance (ANOVA). 
Range Analysis
Range analysis leads to observations and conclusions in the following three areas: (i) factor influence or main effects, (ii) optimum condition for desired quality characteristics, and (iii) performance expected at the optimum condition [54] . A range analysis includes two critical parameters K ji and R j . K ji is the sum of the evaluation index of level i for factor j and its mean value ‫ܭ‬ ഥ ji determines the optimal combination, whereas R j is the range between the maximum and minimum values of the mean value ‫ܭ‬ ഥ ji of K ji and it is used to evaluate the weight of the factors. The larger is R j of a factor, the more significant is the factor [55] . The equations for calculating ‫ܭ‬ ഥ ji and R j are shown below [40] :
where i is the level number (in this study i = 1, 2, 3, 4, or 5), j is factor notation (A, B, C, D, E or X in this study), y ji is one result value for factor j at level i, and N i is the total number of levels [40] .
Analysis of variance (ANOVA)
F value and P value
The range analysis can identify the order of factors in terms of their influence, but the extent to which each factor can influence the performance results as well as its confidence level needs to be specified. ANOVA is a standard statistical technique used to determine the extent of influence, to estimate the confidence level of the influence and to evaluate the experimental errors [40, 54] . For doing these, F and P values of the factors are used. An F value of each factor represents the ratio of the sum of the square of each factor's average deviations to that of the experimental error [40] . The calculation of the F value demands the sum of square deviation for each factor (SS j ), the total sum of the squared deviation (SS T ), the degree of freedom of the factor j (df j ) and the total degree of freedom of the experiments (df T ). df j is equal to the number of levels of factor j minus 1 while df T the total number of experiments m minus 1. Thus, the degree of freedom of the experimental error df e is the difference between df T and the sum of the df j of all the factors.
SS j of the factor j and SS T are calculated using the following equations [40] :
where n is the number of levels of factor j and Y i is the value of the result of the level i [40] .
Accordingly, the sum of square deviation for error (SS e ) is calculated by SS T subtracting the sum of SS j [56] . Variance for factor j (V j ) and variance for experimental error (V e ) are expressed below:
The F value for each factor (F j ) is defined as
Factor j has a significant effect only when F j > 2 [40] .
The purified sum of the squared deviation for factor j (SS' j ) is defined by Equation 9 , and the percent contribution of factor j (P j ) and the percent contribution of experimental error (P e ) are calculated using Equations 10 and 11 respectively. ܵܵ
Low percentage of experimental error indicates that no important factors were omitted in the orthogonal design, but high percentage of experimental error does not mean the orthogonal experiment is unreliable even if it is higher than 50% [57] . The high percentage of experimental error attributes to experimental error, factors not included in the experiment, and uncontrollable factors. For the case of high percentage of experimental error, the reason should be identified [57] .
Pooling technique
In some cases, df e is 0, which causes V e to be indeterminate. Although the P j and P e values can be worked out providing evidence for significance of the factors, the F value for each factor will not be able to be calculated. In such a circumstance, the pooling technique is used.
The pooling technique ignores one or more factors considered insignificant as if they were not present and ANOVA results are revised and re-estimated. In the case of df e =0, two types of mistakes would always be encountered statistically. The first one takes something as important when it is not, and another is the ignorance of significant factors [39] . The polling technique is used to minimize the chance of the first mistake, and in this particular study, the second mistake can be excluded since other factors in the FE simulation can be fully controlled and the FE modelling can be well repeated. The selection of a pooled factor starts with the factor of the least influence in terms of the SS value following the rule of polling the factor whose influence is less than 10% of the most influential factor [57] . After polling the factor, the F value and purified sums can be recalculated by using Equations 6, 7, 8 and 9.
Results and discussion
Energy Absorption and statistical analysis
Range analysis
According to the Equations 2 and 3, the analysis results for energy absorption of single layer Dyneema ® fabric models are demonstrated in Table 4 and Figure 5 . As can be seen from Figure 5 , the factor effect as represented by R j on the energy absorption is in the order of the following: Factor D (G 13 ) > Factor E (G 23 ) > Factor X (Interactions) > Factor A (E 11 ) > Factor B (E 33 ) > Factor C (ν). G 13 is found to be of the most importance to determine the energy absorption of this single layer Dyneema ® fabric model whereas Poisson's ratio is the least. Figure 6 illustrates relationship between the mean values ‫ܭ‬ ഥ ji of each factor (energy absorption) and the levels of the real factors. These graphs show the influence of each factor on energy absorption of the modelled panel. Such relationships provide useful information for further analysis and discussion. As can be seen from Figure 6 (a), the increase of E 11 is sensitive to cause increase of energy absorption between 80GPa and 110GPa with the lowest sensitivity between 80GPa and 90GPa, and sensitive to cause sharp decrease in energy absorption between 110GPa and 120GPa. The influence of E 33 does not seem to have a stable pattern as shown in Figure 6 (b), indicating a lower significance of E 33 in determining the ballistic performance of the model. Increase in material Poisson's ratio ν from 0 to 0.3 is quite sensitive for an almost linear decrease in energy absorption, and further increase in the Poisson's ratio will cause the energy absorption to increase, which is evident in Figure 6 (c). However, it should be noted that influence on energy absorption is the smallest as shown in both Figure 5 and Figure 6 (c). Sharp decreases of energy absorption are witnessed in Figure  6 (d) as G 13 is increased from 0.37GPa to 3.00GPa, and then the sensitivity is much reduced from G 13 = 3.00GPa to 6.00GPa. 
Analysis of variance
The ANOVA results for the energy absorption before pooling are listed in Table 5 . In this study, df of experimental error is equal to zero. Therefore, F and P values for the error could not be calculated and nor was the F value of factors. However, according to this table, the relative influence of each factor concerning the percent contribution to the overall response can be specifically identified. Factor D (G 13 ) is the most influential factor accounting for 45.42% of the overall response among the six while Factor C (ν) is the least only accounting for 2.07%. The dominance of the G 13 is obvious with the P value more than twice than that of the second influential factor G 23 . Factor X (interactions) is relatively low at 12.51% but not completely negligible, indicating that there exist some influences of the interactions between two or more factors. (4, 4) , indicating that the result is at the confidence level of 99%. Similarly, the F value of Factor E (G 23 ) equates to 9.69, larger than F 0.05 (4, 4) but smaller than F 0.01 (4, 4) , hence with a confidence level of 95%. These re-estimated results manifest that Factor C (ν) is relatively insignificant to the energy absorption. The recalculated percent contribution shows that the absence of ν leads to the 12.40% experimental error. According to the percent contribution, it could be speculated that the most significant factor in terms of the energy absorption was Factor D (G 13 ) with a P value of 43.35%, followed by Factor E (G 23 ) with a P value of 17.96%. The P values of the other three factors are around 10%. Table 7 and Figure 7 . The factor effect on the time of the first failed yarn is determined in the order as follows: Factor D (G 13 ) > Factor E (G 23 ) = Factor X (Interactions) = Factor A (E 11 ) > Factor B (E 33 ) > Factor C (ν). According to this result, the G 13 also behaves as the most important factor while ν as the least. 1.80×10 -6 6.40×10 -6
1.60×10 -6 3.60×10 -6 2.80×10 The relationship between mean values ‫ܭ‬ ഥ ji of each factor and failure time of the first yarn broken are demonstrated in Figure 8 (a)-(e). As shown in Figure 8 (a), increasing E 11 results in variation in yarn failure time, with the peak value at E 11 = 110GPa. The sharp decrease in yarn failure time coincides with the energy absorption caused by changing E 11 as indicated in Figure 6 (a). The shape of the curve indicating the influence of G 13 on the yarn failure time shown Figure 8 (d) is similar to that of influence of G 13 on the energy absorption, and this curve suggests that the yarn failure time is sensitive when G 13 alters from 0.37GPa to 1.50GPa. Moreover, the lower value of G 13 could facilitate extension of the active time of the yarns, thereby increasing the energy absorption of the fabric. The use of such G 13 values makes the modelled results closer to the experimental results. Figure 8(e) demonstrates the influence of G 23 on the yarn failure time in FE calculation. When it is higher than 1.50GPa, the yarn failure time monotonically decreases, implying notable sensitivity of yarn failure time to the G 23 in the range from 1.50GPa to 3.00GPa. The influences of E 33 and ν on yarn failure time are illustrated in Figure 8 (b) and (c) respectively.
In addition, the first yarn failure takes the longest time of 6.60µs, 9.8µs, 9µs, 15µs and 10.6µs when the E 11 , E 33 , ν, G 13 and G 23 are equal to 110GPa, 0.37GPa, 0.4, 0.37GPa and 1.50GPa respectively. When the time of the first yarn broken was the maximum value, it is closer to the time range of the first yarn broken from the experiments. Therefore, these levels are chosen as the optimal options for the combination which could be deduced as A 2 B 5 C 1 D 5 E 3 . Table 8 demonstrates the ANOVA results for the failure time of the first yarn broken before pooling. According to their P value, their relative percent influence on the failure time of the first yarn broken is in the order: Factor D (G 13 ) > Factor X (interactions) > Factor E (G 23 ) > Factor A (E 11 ) > Factor B (E 33 ) > Factor C (ν). G 13 maintains its dominance with the percent influence of 37.60% which is more than twice as important as that of the second influential factor. Factor C (ν) is pooled for its inconsiderable influence. The ANOVA results for the the failure time of the first yarn broken after pooling is shown in Table 9 . It is obvious that only the F value for Factor D (G 13 ) was larger than F 0.05 (4, 4) , which indicates that the G 13 is the most significant factor in terms of the failure time of the first yarn broken when the result is at the confidence level of 95% even if Factor C (ν) is absent. 
Number of failed yarns and statistical analysis
Range analysis
The analysis results for the number of broken yarn in single layer Dyneema ® fabric models at high speed impact are illustrated in Table 10 and Figure 9 . According to the comparison among R values in Figure 9 , the weight of factors in terms of the amount of broken yarn is arranged in the sequences that: Factor D (G 13 ) > Factor E (G 23 ) = Factor A (E 11 ) = Factor X (Interactions) = Factor B (E 33 ) = Factor C (ν). It is shown that in terms of the amount of broken yarn, G 13 is the most influential factor. Figure 9 . Range values of different factors in the amount of broken yarn Figure 10 demonstrates the relationship between mean values ‫ܭ‬ ഥ ji of each factor and the number of failed yarns. Figure 10 (a) shows that the increase in E 11 causes an overall decrease of the number of yarns broken until E 11 reaches 110GPa followed by an increase when E 11 increases to 120GPa. The highest number of yarn failure occurs when E 11 assumes its lowest level 80GPa. Whilst the influences of E 33 and ν are not clear enough as shown in Figure 10 (b) and (c), the increases in G 13 and G 23 tend to lead to higher numbers of yarn broken as illustrate in Figure 10 (d) and (e).
In addition, the minimum values of the levels for Factor A, B, C and E are all equal to 4.8 when E 11 , E 33 , ν and G 23 equate to 110.00GPa, 6.00GPa, 0.10 and 0.37GPa or 1.50GPa. For G 13 , the minimum value of the level is 3.6 at 0.37GPa. In this result analysis, the minimum value of the level is closer to the experimental results. It is selected as the optimal value for the combination which could be speculated as A 2 B 1 C 2 D 5 E 3 (5) . 
Analysis of variance
The ANOVA results for the number of failed yarns before pooling is illustrated in Table 11 . The relative percent influence of Factor D (G 13 , 59.00%) on the number of failed yarns is the most influential, followed by Factor E (G 23 , 13.90%) and Factor A (E 11 , 9.84%). Moreover, Factor B (E 33 , 5.74%), Factor C (ν, 5.74%) and Factor X (interactions, 5.74%) are identical as the least significant factors. Thus, these three factors are pooled. However, the results of three of them pooled are the same as those of only one of them pooled. After pooling, the ANOVA results for the number of failed yarns alter as shown in the Table  12 . F value of Factor D (G 13 ) was higher than the value of F 0.05 (4, 4) . This indicates that G 13 is the most indispensable factor in terms of the number of failed yarns when the regression curve and analysis are with a confidence level of 95%. The F values and P values of these factors demonstrate the overwhelming dominant influence of G 13 on the number of failed yarns when Factor B, C and X are absent. 
Optimization of the combination of elastic constants
Due to the difficulties of measuring the transverse moduli, shear moduli and Poisson's ratio of continuous filament yarns and the requirements for development of an appropriate model with more accurate elastic constants, the optimization method was carried out to identify a combination of the elastic constant values in present study, whose results were matched with experimental ones. 37GPa) . Similarly, the optimal option for E 11 was 110GPa. For Factor E (G 23 ) and Factor C (ν), one level appeared twice in the optimum combinations concerning the three criteria. Thus, 1.50GPa was selected for G 23 while 0 was selected for ν. Due to the relative insignificance of Factor B (E 33 ), the optimal option was chosen from either level in the three combinations. Therefore, the optimal selection of E 11 , E 33 , ν, G 13 and G 23 were 110GPa, 0.37GPa, 0, 0.37GPa, and 1.50GPa respectively. The whole combination was A 2 B 5 C 1 D 5 E 3 .
However, the energy absorption of this combination was 18.84J which was much higher than the experimental results in Table 13 . Similarly, the failure time of the first yarn broken was at 49µs, much higher than the time range from experimental work while the number of failed yarns was only one. This was due to the assumptions of taking maximum value as the optimum for energy absorption and failure time of the first yarn broken while taking minimum value as the optimum for the number of failed yarns. But the results from the combination of the elastic constants were excessively better than their counterparts from the 25 groups in Table 3 . This verified the feasibility of the orthogonal experiment for identifying a better combination of elastic constants in terms of the ballistic performance of the Dyneema ® woven fabric model.
In order to make the modelling results closer to the corresponding experimental ones, some adjustments of the elastic constants were made according to their result tendencies in Figure 6 , Figure 8 and Figure 10 . Factor D (G 13 ) should be fixed to 0.37GPa for its dominant influence. Due to the insignificance of Factor B (E 33 ) and Factor C (ν) regrading to the three criteria, they were not considered to be changed. As the second influential factor among the five, G 23 was adjusted to next inferior level 0.37GPa in terms of the three criteria with fixed E 11 . A new combination was created as A 2 B 5 C 1 D 5 E 5 , whose results were still higher but closer to the experimental ones regarding energy absorption and failure time of the first yarn broken in Table 13 . Furthermore, the E 11 was then adjusted to 90GPa for more decrease of energy absorption on the basis of the tendency in the Figure 6 (a), which developed a combination of A 4 B 5 C 1 D 5 E 5 . The energy absorption decreased to 16.26J but there was no yarn broken in this combination. In order to increase the number of failed yarns, G 23 was selected to 0.75GPa based on the tendency in Figure 10 (e). Another combination A 4 B 5 C 1 D 5 E 4 was developed and the results from this combination were in health agreement to the experimental ones. This is one way to identify a combination from the elastic constant values in the references, but it may lead to some bias during the selection of the optimal material properties. It is possible to obtain other appropriate combinations by adjusting the parameters in other ways following the similar logic based on the understanding of each factor in the range analysis. Therefore, a more systematic approach should be further carried out to reduce or even eliminate the bias. However, the bias is principally existent in identifying the inferior influential factors including E 11 , E 33 and ν, and exists in the second influential (G 23 ) to some extents based on the analysis of their tendencies. For instance, it is not possible that G 23 is higher than 1.50GPa. As the most influential factor, G 13 in the present study could only be assigned to 0.37GPa. For the levels not considered in this study and higher than 0.37GPa, it is necessary to assign the G 13 close to 0.37GPa to reflect the practical situation of Dyneema ® yarn or fabrics at ballistic impact. For the levels lower than 0.37GPa, it is highly possible that other appropriate values of G 13 could be identified to match the ballistic experiments too.
Discussions
Influence of other levels of the factors
The selection of the levels of the factors is based on the data used in the others' studies. According to the classical Smith theory [59] , E 11 is one of the most important parameters affecting ballistic performance of the material. It is reasonable to predict that the weight of the E 11 would be changed when its level range is considerably extended. Chu et al. [49] presented the significant influence of the E 11 in the range from 42.31GPa to 169.24GPa on the ballistic performance including energy absorption and yarn failure time, but the influence decreased when E 11 is assumed to be 84.62GPa and 126.93GPa. Notably, the results presented in this research for E 11 in Figures 6(a) , 8(a) and 10(a) coincide with their conclusion that the energy absorption would increase as the E 11 increases but sharply drop when it is high enough due to the earlier yarn failure. This enhances the significance of using the orthogonal method.
For other factors, it is reasonable to predict that their weight would not be significantly changed based on earlier studies [13] [14] [15] , where the range of these factors was much wider but similar conclusions have been drawn that G 13 is the most influential factor in terms of the energy absorption. In addition, according to the range analysis of G 13 in Figures 6(d) , 8(d) and 10(d), the outcomes became very sensitive when the G 13 is lower than 1.50GPa. Hence, the weight of the G 13 among all the elastic properties will decrease if the level range below 1.50GPa is not considered. Such an argument could also be supported by similar results from the work of Ha-Minh et al. [15] .
Importance of G 13 for materials under ballistic impact
The statistical analysis based on the orthogonal experiments identified G 13 as the most influential yarn material property affecting all the performance indices, namely the energy absorption, failure time of the first yarn broken, and number of failed yarns. The importance of G 13 could be attributed to the transverse loading to the ballistic material during the impact event. Supports to the claim can be found from numerous previous researches. Many [14, 37, [60] [61] [62] reported the importance of shear force on the yarn failure, implying the considerable influence of the shear modulus on the yarn failure. Wang et al. [63] and Smith et al. [64] claimed that transverse stress wave of a yarn model caused by a ballistic impact is one of the most influential factors for energy absorption and stress distribution, and is highly correlated to its shear modulus [65] [66] . In addition, G 13 has been found to be the most significant elastic material property affecting the yarn de-crimping in FE modelling, hence the ballistic behaviour of the fabric model [19, 67] .
Conclusion
This research aimed to identify the influence of each elastic constant on the ballistic performance of the Dyneema ® fabric models with respect to energy absorption, failure time of the first yarn broken and number of failed yarns, and to find an appropriate combination for the elastic constants for Dyneema ® yarns using the orthogonal experiment method based (5 6 ) was developed with six factors and each of them has five levels. The range analysis and the analysis of variance (ANOVA) were employed for result discussions. The following conclusions are drawn from this research.
(1) For the Dyneema ® yarn-based woven fabric model, when E 11 is taken in the range 80GPa to 120GPa which is the normal range in published resources, G 13 is at least more than twice as important as the other elastic constants, in terms of energy absorption, failure time of the first yarn broken and number of failed yarns, with more than 95% confident level. The reasons for its importance lie in the influence of G 13 on the yarn failure, the transverse deflection of yarn model and the de-crimping of yarns. The value of G 13 is usually taken in simulation by estimation due to difficulties in measuring it. The finding from this research illustrates it is critical of using a good estimation.
(2) The optimal combination of elastic constants for FE analysis of the Dyneema ® fabrics has been identified to be A 4 B 5 C 1 D 5 E 4 , leading to the simulated results that match the experimental results. This optimal values for the set of elastic constants are E 11 = 90GPa, E 33 = 0.37GPa, ν = 0, G 13 = 0.37GPa, and G 23 = 0.75GPa. It is believed that a more systematic approach is necessary for obtaining more accurate elastic properties of the Dyneema ® yarn.
(3) This work confirmed that the orthogonal experiment method is a feasible methodology for weighting the influence of each elastic constant of yarn model on the ballistic performance of its fabric model in FE modelling and for identifying how important each factor is.
(4) The orthogonal experiment method can be used for identifying an appropriate combination of elastic constants with limited trials, the results of which are in well agreement to the experimental ones.
